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Magnetic properties of multi-walled carbon nanotubes modified with iron (MWCNT+Fe) are studied in detail 
in the temperature range 4.2–300 K. Carbon encapsulated Fe nanoparticles were obtained using chemical vapor 
deposition method. The low-temperature SQUID magnetization measurements are supplemented by structural 
investigations with thermogravimetric (TG) analysis, transmission electron microscopy (TEM), x-ray diffraction 
spectroscopy (XRD), and scanning electron microscopy (SEM). The magnetic susceptibility of MWCNT+Fe 
was also studied above room temperature to provide a complete picture of magnetic phase transitions. 
PACS: 75.30.Cr  Saturation moments and magnetic susceptibilities; 
75.75.–c Magnetic properties of nanostructures; 
81.05.U– Carbon/carbon-based materials; 
81.07.De Nanotubes. 
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Introduction 
Carbon nanotubes (CNT) exhibit unique physical prop-
erties [1,2], in particular, they are chemically and thermally 
stable, characterized by high mechanical strength, thermal 
and electrical conductivity, large specific surface area. 
Now CNT are regarded as the most attractive building 
blocks for nanoelectronics: they are able to form a perfect 
spin-transport medium, since electron transport in them is 
one-dimensional and ballistic with a long spin relaxation 
time and weak spin-orbital effects. Also, even pure CNT, 
which are nonmagnetic materials, are characterized by 
giant magneto-resistance [3,4]. On the other hand, it is 
quite obvious that modification of CNT (intercalation, 
chemical surface modification, filling the internal cavities 
with different elements) would lead to significant differ-
ences in their electronic structure and properties [5–7]. In 
particular, the encapsulated Fe nanowires are expected to 
exhibit excellent magnetic properties like the uniaxial 
magnetic anisotropy and the high magnetic coercitivity, 
which is larger than the coercitivity of bulk iron. Due to 
the very large magnetic shape anisotropies, the encapsula-
tion of magnetic phases in CNT could provide a feasible 
approach to achievement of magnetic order stabilization 
against thermal fluctuations in systems having extremely 
reduced dimensions. Also, the ferromagnetic nanoclusters 
are expected to have much better magnetic properties than 
bulk metals due to the single domain nature [8]. 
Therefore, it is desirable to produce CNT with magnetic 
material inside tubes in a specific and controlled way. 
Beyond the geometrical advantage of a quasi-one-dimen-
sional CNT design, the carbon shells can provide an effec-
tive protection against oxidation. It is especially important, 
since applications of ferromagnetic nanoclusters are li-
mited due to air oxidation. Finally, except for the interest 
related to practical applications, a study of these magnetic 
systems provides an avenue for the exploration of the 
physics of the magnetic order in close-to-one-dimensional 
structures. In particular, a number of fundamental ques-
tions can be addressed about the role of spin degrees of 
freedom in the quantum wires or Luttinger liquid, where 
specific effects associated with the spin-сharge separation 
are expected. 
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Thus, the purpose of this work was to study the struc-
ture of multi-walled CNT (MWCNT) modified with iron 
and their magnetic characteristics (magnetic susceptibility 
and magnetization) as functions of magnetic field and tem-
perature. By this way, it was expected to reveal and distin-
guish different iron phases and their spatial distribution 
within in-house fabricated MWCNT with encapsulated Fe. 
1. Experimental  
Chemical vapor deposition (CVD) was used to produce 
CNT filled with iron. In thermal CVD a conventional heat 
source is used, like a resistive or inductive heater, a furnace 
or an IR lamp. Basically, the growth process involves heat-
ing a catalyst material to high temperatures in a tube fur-
nace. It was followed by flowing a hydrocarbon gas, being 
the carbon source, through the tube reactor for a chosen 
growth time. Then, under the flow of an inert gas to prevent 
oxidation of the carbon species, the system was cooled 
down to the room temperature. Finally, the carbonaceous 
materials grown over the catalyst have been collected. 
In the course of CNT growth the key parameters are the 
chosen hydrocarbons, catalysts and the growth tempera-
ture. They are all together responsible for the properties of 
the obtained tubes. Our method is based on the catalytic 
decomposition of benzene (as the carbon source) and fer-
rocene (source of iron) in a tube furnace at different tem-
peratures. To fill the reactor volume simultaneously with 
the components, the experimental set-up consists of an 
aerosol-generator and a tube furnace. The quartz glass tube 
(length: 70 cm, diameter: 3 cm) is preheated to a tempera-
ture between 800 and 950 °C. The aerosol generator is 
made from quartz glass and the function is based on a 
spray-aerosol principle. Argon was used as a carrier gas for 
feeding the reactor with an aerosol of benzene and ferro-
cene. The aerosol flow rate is varied between 4 and 
5 L/min argon. In the process the ferrocene decomposes 
and provides the iron particles required for the nucleation 
of the CNT. After the reaction iron clusters are found in-
side of the CNT, whereas the aligned nanotubes grow on 
the quartz glass reactor wall. The reaction time is mostly 
responsible for the length of the tubes. The CNT, which 
are used in the experiments, were produced during the 
reaction time of 10–20 min. At the end of the reaction the 
aerosol generator is shut down and the reactor is cooled in 
an argon flow (0.5 L/min; cooling time is 5 h). Besides of 
the furnace temperature and the flow rate, the ferrocene 
concentration has the largest effect on diameters of the 
CNT, as well as the iron clusters found inside the nano-
tubes. The highest concentration of ferrocene we used was 
5 wt%, but the concentration can be reduced to a level of 
0.2 wt%. Such low concentrations of ferrocene lead to a 
decreased amount of iron inside the tubes, which is esti-
mated from the thermogravimetric (TG) analysis and dif-
ferent transmission electron microscopy (TEM) pictures. 
A high concentration of ferrocene results in the crystalliza-
tion of ferrocene on the spray nozzle and reduces the poss-
ible reaction time to a few minutes. Also, the higher ferro-
cene concentration leads to greater number of iron clusters 
in the reactor, and the formed iron nanoclusters have a big-
ger diameter. The diameter of the formed CNT appeared to 
be directly related to the iron cluster diameter. Therefore 
one can obtain an increased CNT diameter by increasing 
the ferrocene concentration.  
The structure and phase composition were studied by 
the thermogravimetric analysis (TG, Satorius), x-ray dif-
fraction spectroscopy (XRD) with an x-ray diffractometer 
(Bruker AXS), scanning electron microscopy (SEM, Phi-
lips FEI), and  transmission electron microscopy (TEM, 
Philips TECNAI). 
In the low-temperature range (4.2–290 K) the magnetic 
properties of the iron filled CNT were studied by an in-
house SQUID magnetometer in the fields up to 50 kOe. 
For magnetization studies the sample was prepared by 
compacting the Fe-encapsulated CNT powder inside an 
elongated aluminum foil cylinder with diameter of 1.5 mm 
and about 7 mm in length. For all measurements the ap-
plied magnetic field was aligned along the cylinder axis in 
order to minimize the effect of demagnetization factor in 
magnetization data. The magnetization measurements were 
made after cooling the sample from room to helium tem-
peratures both in zero magnetic field (zero-field-cooled, 
ZFC) and in the measured field (field-cooled, FC). Then 
the temperature dependences of the magnetization M(T) 
were measured under a slow heating with the rate of about 
1.5 K/min in applied magnetic fields H = 0.3, 5 and 
30 kOe. The field dependence of the magnetization was 
also measured at T = 4.2 K for ZFC regime in magnetic 
fields up to 40 kOe. 
The magnetic susceptibility of MWCNT+Fe was also 
measured above room temperature to provide a complete 
picture of magnetic phase transitions. The Faraday tech-
nique upon heating and cooling of the specimens has been 
employed in magnetic field about 20 kOe. The heating and 
cooling rates did not exceed 10 K/min. 
2. Results and discussion 
The TG results in Fig. 1 show that the overall iron 
amount in CNT sample is about 4.6 wt%. Also, the TG data 
demonstrate that quality of the obtained CNT is very high, 
and the amount of amorphous carbon is very low. The de-
composition of the CNT starts at temperature about 570 °C. 
According to the electron microscopic results in Figs. 2 
and 3, the obtained CNT are MWCNT. The inner diameter 
of MWCNT is 5–8 nm, whereas the outer diameter is about 
40–60 nm and the length is up to 100 μm. This MWCNT’s 
contain clusters of iron (or its compounds) with average 
diameter 10–15 nm and length 120–140 nm. 
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Fig. 3. TEM image of MWCNT modified with iron (ferrocene 
concentration is 1 wt% in benzene). 
Fig. 2. SEM image of MWCNT modified with iron (ferrocene
concentration is 1 wt% in benzene). 
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Fig. 1. Thermogravimetric measurements of MWCNT (starting
mass 10.45 mg, rate 1°/min in air). 
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Fig. 4. XRD pattern for MWCNT modified with iron. 
The x-ray diffraction patterns of MWCNT grown with 
benzene (BZ) are displayed in Fig. 4. The peak at the angle 
of 26.1° corresponds to the interplanar spacing between the 
CNT walls and is marked as CNT (002). The interlayer 
spacing of 3.411 Å for nanotubes grown with BZ slightly 
exceeds that observed for the perfect graphite (3.354 Å). 
The intensity of the CNT (002) reflection is stronger in 
case of more tangled nanotubes grown with benzene than 
with other carbon sources. The other distinctive characteris-
tic of CNT is the peak at 2θ = 42.7°, which corresponds to 
the (100) reflection [9]. A peak at the angle of 2θ = 35.4° 
corresponds to the iron oxide (110) reflection [10]. The iron 
oxide (202) reflection at 42.6° is superimposed by a much 
stronger CNT (100) feature. Another peak observed in the 
recorded patterns is the iron carbide peak, IC (103), at 2θ = 
= 44.8° [10,11]. This iron carbide phase is presumably a 
residue of CNT growth due to precipitation of carbon feed 
from catalyst/hydrocarbon drops [11]. Finally, the crystal-
line phase of α-Fe is represented by a strong (110) reflexion, 
which is represented by additional peak at 51.1° [10]. 
The temperature dependences of χ obtained at the low 
field of 300 Oe in both ZFC and FC regimes are presented 
in Fig. 5. The ZFC-W curve exhibits a conspicuous mag-
netic transition at temperatures slightly above 100 K. The 
shape and position of this peculiarity resemble the so-
called Verwey transition, which has been observed in the 
Fe3O4 oxide (magnetite) at Tm = 120 K. This can be consi-
dered as indication of the presence of Fe3O4 nanoparticles 
in the studied sample. Moreover, the absence of distinct 
decay of magnetization with temperature, which is relevant 
for superparamagnetic systems, also points to a large mag-
netic anisotropy energy, as well as substantial fraction of 
magnetic nanoparticles. The discrepancy between ZFC and 
FC magnetization curves may imply a complex magnetic 
state at low temperatures, e.g., a spin-glass cluster state. 
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Fig. 5. Temperature dependence of magnetic susceptibility for
MWCNT modified with iron measured in the range 4.2–300 K in
the field 300 Oe for both FC and ZFC regimes. 
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Fig. 6. Temperature dependences of magnetic susceptibility and
magnetization for MWCNT modified with iron measured in the
range 4.2–300 K for ZFC regime in the fields of 5 and 20 kOe,
correspondingly. 
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Fig. 7. Field dependence of magnetization for MWCNT modified 
with iron measured at temperature 4.2 K for ZFC regime. 
0 10 20 30 40
1
2
3
4
5
6
7
8
9
T = 4.2 K
H, kOe
M
,
em
u
/g
The temperature dependence of magnetization at higher 
fields is given in Fig. 6. One can see a nonmonotonous 
step-like behavior of the temperature dependence of sus-
ceptibility χ(T) measured in the field 5 kOe in the range 
70–100 K. Such behavior can be attributed to appearance 
of some magnetic phase. It may be suggested, that this 
phase might appear in the iron nanoclusters, which resem-
bles the recently suggested appearance of γ-iron phase 
[12]. On the other hand, the observed peculiarity may be 
related to a manifestation of exchange bias in larger  par-
ticles. The measured temperature dependence of magneti-
zation in the field of 20 kOe is also listed in Fig. 6. 
The field dependence of magnetization was measured at 
T = 4.2 K for ZFC regime and presented in Fig. 7. Accord-
ing to the high-fields magnetization data in Fig. 7, the val-
ue of saturated magnetic moment at the liquid helium tem-
perature amounts to 8.5 emu/g, to be compared with the 
value of 217 emu/g for saturation magnetization of bulk 
iron. If one assumes, that encapsulated nanoparticles consist 
predominantly of iron, one can estimate the share of iron 
containing phase as 4%. The iron concentration in the sam-
ple was also estimated from the TG analysis as (4±1) wt%. 
This result agrees with our magnetization analysis, which 
presumably yields the content of magnetic material with a 
higher precision. Since the saturation appears at fields just 
above 10 kOe, as is seen in Fig. 7, this indicates a large 
magnetic anisotropy of the studied Fe-CNT system. 
The temperature dependences of coercitivity HC and re-
sidual magnetization MR of our Fe-CNT sample were de-
rived from the reversible curves of saturation magnetiza-
tion and presented in Figs. 8 and 9. It is clearly seen the 
increase of HC and MR values with decreasing temperature. 
In particular, when temperature falls from 300 to 4.2 K, the 
coercitivity has increased by 2.3 times, and the residual 
magnetization also increased by 1.5 times. At helium tem-
peratures the values of HC and MR are equal to 1120 Oe 
and 2.95 emu/g, respectively. 
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Fig. 8. Temperature dependence of coercitivity for MWCNT 
modified with iron in the range 4.2–300 K. 
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Fig. 9. Temperature dependence of residual magnetization MR for
MWCNT modified with iron in the range 4.2–300 K. 
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Fig. 10. Temperature dependence of magnetic susceptibility for
MWCNT modified with iron above room temperature. 
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The results of a supplementary study of magnetic sus-
ceptibility χ(Т) dependencies above room temperature are 
given in Fig. 10. This figure clearly shows a magnetic tran-
sition at about 480 K, which is presumably related to the 
phase of cementite, with the Curie temperature of about 
483 K for the bulk Fe3C [13]. At higher temperatures one 
can expect superparamagnetic contribution from iron na-
noclusters with the blocking temperature of about 500 K. 
3. Conclusions 
The Fe-MWCNT nanoclusters as produced by the me-
thod of the catalytic decomposition of benzene and ferro-
cene were investigated with respect to their structural and 
magnetic characteristics. The SEM and TEM studies show 
that MWCNT has the inner diameter about 5–8 nm, whe-
reas the outer diameter is about 40–60 nm and the length is 
up to 100 μm and contains clusters of iron (or its com-
pounds) with average diameter 10–15 nm and length 120–
140 nm. The x-ray diffraction study has revealed a number 
of iron and carbon phases present in Fe-MWCNT. The 
results of investigation of ZFC and FC temperature depen-
dences of magnetic susceptibility indicate a number of 
magnetic phase transitions in the studied Fe-MWCNT sys-
tem, including the Verwey transition in Fe3O4 particles, 
presumably attached outside MWCNT. It was shown that 
both residual magnetization MR and coercive field HC de-
crease monotonically with increasing temperature. The 
existence of a spin-glass state and interactions between 
nanoparticles of various sizes could contribute to the ob-
served magnetic behavior. 
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